In the present study, the temperature distribution on the surface of workpiece and tool during a single discharge in the electrical discharge machining process has been simulated using ABAQUS code finite element software. The temperature dependency of material properties and the expanding of plasma channel radius with time have been employed in the simulation stage. The profile of temperature distribution has been utilized to calculate the dimensions of discharge crater. Based on the results of FEM and the experimental observations, a numerical analysis has been developed assessing the contribution of input-parameters on the efficiency of plasma channel in removing the molten material from molten puddles on the surfaces of workpiece and tool at the end of each discharge. The results show that the increase in the pulse current and pulse on-time have converse effects on the plasma flushing efficiency, as it increases by the prior one and decreases by the latter one. Later, the introduced formulas for plasma flushing efficiency based on regression model were utilized to predict the cardinal parameter of recast layer thickness on the electrodes which demands expensive empirical tests to be obtained.
Introduction
Electrical discharge machining (EDM) is a competent machining process used in the machining of hard materials and manufacturing of workpieces with a complicate profile [1, 2] . Nevertheless, the low level of material removal rate, tool wear, and surface deficiencies of the machined workpiece are considered to be the major obstacles of this process being highly dependent on a factor called plasma flushing efficiency (%PFE). Broadly speaking, plasma flushing efficiency could be considered as the key element affecting the outcomes of EDM process, such as material removal rate, tool wear ratio, and surface texture features [3, 4] . Plasma flushing efficiency itself is dependent on the input parameters of the process among which pulse current and pulse on-time are the most prominent ones [5] .
Considering the fact that the quality of an ED machined surface has been becoming more and more important to satisfy the increasing demands of sophisticated component performance, longevity and reliability; several studies have been carried out to determine appropriate ED machining parameter combinations with respect to the surface integrity. However, these studies were based on the use of experimental approaches and statistical analyses. In few studies, pure theoretical approaches have been proposed to estimate the outputs of EDM process, using FE or analytical methods.
Ben Salah et al. [6] presented a numerical model to study the temperature distribution at EDM process and used the thermal results for predicting the material removal rate and the total surface roughness. In their study, the fraction of the generated heat entering the workpiece was considered equal to 0.08. They reported that taking into account the temperature dependence of the conductivity is of crucial importance to the accuracy of the numerical results and gives the better correlation with experimental observations. Marafona and Chousal [7] employed a FEA model to estimate the surface roughness and the removed material from both anode and cathode. They reported that the anode material removal efficiency is smaller than that of the cathode because there is a high amount of energy going to the anode and also a fast cooling of this material. They explained that this phenomenon can be explained by the differences of thermal conductivity of the cathode and anode. Kansal et al. [8] developed a model to calculate the temperature distribution in the workpiece material by employing the ANSYS software in the powder mixed electrical discharge machining. In their presented model it has been assumed that 9% of the total heat was absorbed by the workpiece. They utilized the results of finite element simulation to estimate the material removal rate of workpiece. The usage of introduced temperature dependent material properties was one of the major features of their model which led to a better accuracy in predicting of MRR parameter. Joshi and Pande [9] introduced an intelligent process modeling and optimization of EDM process.
One of the major impediments on the way of proposing a unique method for predicting the output parameters of EDM process is the recondite behavior of plasma channel and its efficiency in removing molten material from the molten puddle. For instance Dibitoto et al. [5] reported that the fraction of heat going to the cathode and anode were18.3% and 8%, respectively, with remainder lost to the dielectric. In other study, Hashimoto et al. [10] reported a distribution of 34% and 48% discharge energy into the cathode and anode, respectively. Having modeled of heat distribution in anode and cathode in micro-EDM, Yeo et al. [11] proposed a fraction of 14% and 39% of discharge energy to the anode and cathode, respectively.
In the present study, the different proposed values for fraction of heat dispersed into the workpiece (f c ) and tool (f a ) have been conducted and the best values for f c and f a , which resulted in the better proximity of numerical results to the experimental observations, were calculated based on the regression modeling of the outputs of finite element modeling of heat distribution during the discharge and the experimental observations of material removal rate and surface texture feature of recast layer thickness (RLT). Later, the influence of pulse on-time (Ti) and pulse current (I) were detailed based on numerical results and experimental observations.
Experimental procedure
The workpiece and tool materials used in this study were AISI H13 tool steel and forged commercial pure copper, respectively. The main mechanical and physical properties of such materials at different temperatures are given in Table 1 .
The experiments were performed on a die sinking EDM machine (CHARMILLES ROBO-FORM200) which operates with an iso-pulse generator. During the EDM experiments, the electrode and the workpiece were submerged in a bath of Oil Flux ELF2 which acted as the dielectric fluid. Machining tests were carried out at eight pulse current settings as well as five pulse on-time settings. Each machining test was performed for 15 min. The machining settings and the detail of experimental procedure are listed in Table 2 .
For on-line registering the number of different kind of pulses (normal pulses, arc discharges and open circuits) during the EDM process, an oscilloscope (Hitachi VC-6524) of storage type and an electronic circuit were employed to capture the gap voltage and current variations against time, which were then transferred and stored on a PC hard disk through a serial cable and port connection. Additionally, in order to count the number of each type of pulses, a program in FORTRAN language was written and linked to the pulse monitoring software (ITM).
A digital balance (CP2245-Surtorius) with a resolution of 0.1 mg was used for weighing the workpieces before and after the machining process.
The recast layer is so infiltrated with carbon that has a separate, distinct structure, totally distinguishable from the parent material in the scanning electron microscopy (SEM) images [14] . Consequently, the amount of recast layer thickness has been measured by measuring this layer's thickness at 30 different points by SEM and accounting for their average. So the machined specimens were sectioned transversely by a wire electrical discharge machine and prepared under a standard procedure for metallographic observation. Etching was performed by immersing the specimens in 5% Nital reagent. VEGA\\TESCAN scanning electron microscopy was employed at this stage. 3. FE simulation and regression modeling
Mathematical fundaments
Generally, the differential equation for heat transfer without internal heat generation term is used as the base of the thermal modeling for describing the state of heat distribution during each discharge [15] .
where T is the temperature, t is the time, r, k and C are respectively the density, thermal conductivity and specific heat capacity of the electrode materials. Finally, r and z are the coordinate axes as illustrated in Fig. 1 . The considered domain is a small cylindrical portion of the electrodes around the spark. In the domain the heat flux is applied on the surface B 1 (Fig. 1 ).when t 40
and
here, q(r) is the quantity of heat flux entering into the electrodes; R is the radius of spark (plasma channel).
The initial temperature T s can be taken the temperature T 0 of the dielectric fluid in which the electrodes are submerged. Thus,
In addition, the following assumptions have been considered:
1. The model is developed for a single spark. 2. The electrodes are considered as semi-infinite body since the volume of removed material is much smaller than the volume of the electrodes. 3. Since the precise position of each spark is random, the effect of single discharge is useful in developing an inside into the temperature distribution at electrodes during each discharge. Consequently, the thermal effects of successive sparks are neglected and the crater is individually identified to simplify the simulation process [7, 16] . 4. The magnitude of the heat flux incident on the electrodes is independent of the affected surface profile. 5. The effects of spark gap on discharge characteristics are negligible. 6. The phase changes during the analysis are neglected. 7. The craters formed on the electrodes due to each discharge are assumed to have circular paraboloid geometries. 8. The redeposit of recast layer in the crater after each spark is considered uniform.
In this research, it was decided to determine the radius of the discharge channel (spark) based on the work from Ikai and Hashiguchi [17] . In particular, this radius is called the equivalent heat input radius and it can be expressed as a function of the pulse current (I) and the pulse on-time (Ti) as shown in the following equation:
where R(t) is the radius of plasma channel (mm), I is pulse current (I) and Ti is pulse on-time (ms). Gaussian heat distribution has been employed in the present work as it provides more accurate results than the uniform disc heat source [15] . The following equation represents the heat flux q(r) at radius r [18] :
where U b is the breakdown (discharge) voltage, I is the pulse current (A) and f is the energy distribution to the electrodes. The selected element type in the FE analyses is a 10-node quadratic heat transfer tetrahedron. A subroutine has been written for applying the heat flux developing with time on the work domains. The temperature profile obtained from the FEM analysis is used to calculate the amount of material removed from the specimen exposed to the heat flux [19] .
Application of FEM in thermal modeling of EDM
The implemented numerical analysis carried out in this study was based on the Gaussian distributed heat flux during each spark of the EDM process. The standard finite element software ABA-QUS/CAE was employed for simulating the temperature distribution in the electrodes during the discharge process. One of the special features of this software is its ability in considering the temperature dependent material properties for specimen. Consequently, the temperature dependency of material properties was taken into account in the simulation stage. This consideration increases the compatibility of predicted values with the experimental observation. The latent heat of melting, which was considered one of the major features of electrodes and had a crucial effect on the result of simulation, was considered in the numerical analysis.
Based on ABAQUS code, a transient thermal analysis was conducted to calculate the temperature field in the electrodes and to study the heat distribution with respect to different machining parameter settings. The size of domain for the thermal analyses was dependent on the input parameters of EDM process since the radius of discharge channel was determined based on the machining settings (Eq. (5)). The numerical analyses were performed using a 10-node quadratic heat transfer tetrahedron (DC3D10) mesh with the global size of 13 mm. Approximately 45,000 elements have been generated on the instance.
For applying the heat flux varying with time on the work domain, a discontinuous method for discretization in time has been utilized by employing an arbitrary polynomial order. Let t 0 ot 1 ot 2 oyot n ¼ T on be a sequence of times and a partition of time interval [0, T on ]. A 'dflux' subroutine was used to calculate the heat flux exposed on the discharge location of instance. The temperature profiles obtained from the FEM analysis were used to calculate the amount of material removed from the specimen.
The morphology of crater cavity
To calculate the cavity volume at the end of each discharge, the isothermal counter at the melting temperature was drawn through the (x i ,z i ) points obtained by the FEM. Fig. 2 represents this counter as well the parabolic crater cavity form suggested by Ikai and Hashigushi [17] .
Using the (x i ,z i ) nodes resulted from the FEM and employing the equation (Eq. (7)) introduced by Joshi and Pande [9] the cavity volume is calculated.
where V C (FEM) is the volume of the crater and x i and z i the coordinates of the node of the isothermal counter. It has been proved that the crater volume obtained by using the Eq. (7) is equal to the volume by the assumption of a circular parabolic geometry for the crater [19] since the parabolic counter fits the isothermal counter passing through the (x i ,z i ) coordinates. This geometry is shown in Fig. 2 .
The theoretical crater volume defined by the parabolic geometry is described by the following equation:
where D C and R C are the depth and radius of the crater, respectively.
Regression modeling
In a unique and innovative approach towards the calculation of the fraction of heat distributed to the cathode, anode, and dielectric, a combination of the effects of dispersed energy into the electrodes and the amount of molten material ejected from the molten puddle at the end of discharge have been taken into account. Having this in mind, the value of the energy distributions to the cathode (f c ) and anode (f a ) have been calculated based on the results of FEM of thermal distribution into the electrodes and through considering the experimental values of recast layer thickness at a number of different pulse settings. At this stage, the trial and error method, an empirical method to test a hypothesis or procedure by repeating an experiment until the chance of error or outcome is known to some degree of reliability, have adapted to achieve the values of f c and f a at different pulse setting (Tables 3 and 4 
and the value of f c and f a will be changed in a way that the RLT FEM approximate the RLT EXP within the acceptable tolerance. Later, the regression modeling through the utilization of NLREG software handled in order to elicit the relationship between the energy distribution to the electrodes and the pulse current and pulse on-time, accounting for the fact that the amount of heat distributed into the cathode and anode has a close proximity with the pulse settings and differs with input parameters of EDM process. The following correlations represent the procedure of calculating the f c and f a .
The plasma flushing efficiency (%PFE), that was introduced in previous studies as the metal removal efficiency [7] , is defined as the ratio of the actual volume of removed material per pulse versus the theoretical volume of melted material per pulse. Its value is described by the following equation:
The values of V C (EXP) has been calculated by the following equation:
where M 1 and M 2 are the weight of electrodes before and after machining, respectively, and NN is the number of normal pulses at the end of machining period (Table 5 ). This value has been achieved by utilization of an oscilloscope (Hitachi VC-6524) of storage type and an electronic circuit to capture the gap voltage Fig. 2 . Iso-thermal counter at the melting temperature.
Table 3
Experimental data and theoretical features employed in regression modeling of f c . and current variations against time, and the FORTRAN program written to count the number of each type of pulses. Also, the valuse of recast layer thickness (RLT) has been caculted through the following equation:
Eqs. (12) and (13) represent the correlation between the f c and f a with the pulse current and pulse on-time achieved through the power regression modeling. What is clear is that the quota of cathode and anode from the generated heat in the plasma channel, which was previously considered to be constant for different machining setting, differ by the pulse current and pulse on time 
Eqs. (14) and (15) represents the correlation between the %PFE and pulse current and pulse on-time achieved through the regression modeling for AISI H13 workpiece and copper tool, respectively. Furthermore, the surface plots of %PFE vs. pulse current and pulse on-time for both workpiece and tool are Table 5 Results of counting the number of pulses.
I (A)
Ti ( shown in Fig. 3 . Based on the %PFEs represented in Eqs. (14) and (15) and through utilizing Eq. (11) it becomes possible to predict the recast layer thickness for the selected pulse current and pulse on-time.
Validation methodology
The validation methodology in this work is based on the comparison between the empirical values of recast layer thickness (RLT EXP ) and the values gained by the model developed in this research (RLT FEM ). The dependency of fraction of heat distributed into the electrodes (f c for cathode and f a for anode) during each discharge to the input-parameters of process has been illustrated by Eqs. (12) and (13) . To validate the accuracy of obtained results and correlations, a number of comparisons have been conducted. Having this in mind, the introduced equations in this work have been utilized to gain the values of recast layer thickness for some randomly selective setting. Also, the experiments have been done for these settings and the experimental values for RLT have been achieved after EDM machining and carrying the preparation stages as described in the experimental procedure. Briefly speaking, the comparisons between the theoretical and empirical values of recast layer thickness are the method of evaluating the validity of represented model and formulas.
Model validation
So far, a model describing the thermal distribution in the electrodes during each discharge and the correlation of inputparameters of process with f c and f a achieved by the regression modeling through comparing the empirical and numerical values of recast layer thickness (RLT) have been represented. Fig. 4 represents the results of a typical temperature distribution simulation for Ti¼12.8 ms. In order to evaluate the accuracy of the presented model, a number of comparisons have been conducted between the outcomes of the developed model and the experimental results. Having this in mind, based on temperature distribution profiles and utilizing the Eqs. (11)- (15) Table 6 Comparison between the experimental and predicted values for recast layer thickness on workpiece. F_Reg c : The fraction of the energy transferred to the cathode obtained from regression modeling.
Table 7
Comparison between the experimental and predicted values for recast layer thickness on tool. values illustrated in this table reveal that the values of RLT predicted by our model match quite closely with the experimental results for all the discharge conditions by almost a uniform margin.
Results and discussion
5.1. Effect of input-parameters on plasma flushing efficiency Fig. 5 represents the effect of pulse on-time on the %PFE for both workpiece and tool. From this figure, it became clear that plasma flushing efficiency decreases by the increase in pulse on-time.
The %PFE is dependent on the discharge energy (W), gradient of energy (dW/dt), geometrical dimensions of gap and molten material crater, pressure of gap (P), and gradient of pressure (dP/dt). Decrease in the %PFE by the increase in the pulse on-time could be justified in this way that the increase in the pulse ontime causes the decrease in the energy changing rate (dW/dt) which leads to decrease in the pressure of gap (P) and its gradient (dP/dt). As a result, regarding to the mechanism of bulk boiling, the amount of molten material, which could be flushed from the molten material crater decreases and as a result, the %PFE decreases. The decrease in the amount of molten material which sweeps away from the molten material crater by the collapse of plasma channel at the end of pulse on-time causes the increase in the recast layer thickness.
Moreover, the results show that the %PFE of tool (anode) is much lower than that of workpiece (cathode). This phenomenon could be justified by the fact that the surface of the tool is bombarded by the electrons which could barely increase the surface temperature of tool while the surface of workpiece is bombarded by ions that not only increase the surface temperature of workpiece but causes the detachment of particles from the workpiece material making them suspended in the melting puddle. Furthermore, the present carbine in the gap through decomposition of hydrocarbon dielectric plus the free particles electronized by the free electrons in the gap move towards the anode and deposit on the surface of the molten puddle [20] . This deposited layer of carbine and electrically charged particles on the surface of molten puddle provides a protective effect through reduction of the density of copper vapor and prevents the flushing of material by the collapse of plasma channel. This layer's protective effect increases by the increase in pulse on-time as it becomes thicker [21] .
On the other hand, with an increase in the pulse current and with a constant amount of pulse on-time, the gradient of energy increases, as this causes an increase in the diameter and a sharp rise in the average temperature of the plasma channel spontaneously, which leads to increase in the pressure of gap and its gradient. So, regarding about the mechanism of bulk boiling phenomenon, the amount of molten material, which is ejected from the molten puddle at the end of each discharge, increases and as a result, the %PFE increases (Fig. 5) as the reports of Marafona and Chousal [7] prove this matter.
Effect of input-parameters on recast layer thickness
The increase in the thickness of recast layer by the increase in pulse on-time for both workpiece and tool can be obviously seen from the experimental results (Fig. 6) . The justification for this phenomenon is that the plasma flushing efficiency has a strict effect on the recast layer thickness. With an increase in pulse on-time, plasma flushing efficiency decreases (Fig. 5) , as a result, the ability of plasma channel for ejecting the molten material from the molten puddle decreases. Subsequently, this remained molten material in the molten puddle re-solidifies and forms the recast layer upon the machined surface. Furthermore, the increase of discharge duration increases the amount of the conducted heat into the workpiece during each discharge, and consequently, more underlying material is affected by the high temperature. Overly, this phenomenon causes the increase in the recast layer thickness and heat affected zone.
From Fig. 7 it is clear that, increasing the pulse current has a very small effect on the recast layer thickness of both workpiece and tool. Although an increase in pulse current leads to the increase in the dimensions of the molten crater and the heat penetrating depth, the plasma flushing efficiency increases as pulse current increases. The increase in plasma flushing efficiency causes more molten material to be swept away from the molten crater, therefore thinner layer of re-deposited material appears on the surface of workpiece. Since an increase in the penetrating depth of heat into the workpiece and plasma flushing efficiency counterbalance each other's effect, an increase in the pulse current has no significant effect on the recast layer thickness.
Conclusions
In a review of previous studies, it came into consideration that different researchers have proposed various values for the fraction of heat going into the electrodes (f c for cathode and f a for anode) in their theoretical models of the process. In this work it has been demonstrated that the fraction of heat going into the electrodes is not constant but a function of input-parameters of process. The leading conclusions are as follows:
1. The results revealed the fact that the energy absorption fractions of electrodes are variable and contingent upon the process settings, as in the range of input parameters of this study the cathode fraction (f c ) changed between 4.13 and 8.9, and the anode fraction varied from 4.13 to 36.4. 2. Achieving accurate prediction of plasma flushing efficiency (%PFE) is dependent upon reliable estimate of heat fraction of anode (f a ) and cathode (f c ). 3. The implication of the introduced method is able to provide reliable measures to estimate the output parameters of EDM process including the critical feature of recast layer thickness as it has been predicted with the minor prediction errors of 2.89% and 2.64% for cathode and anode, respectively. 4. The plasma flushing efficiency is influenced by the pulse current and pulse on-time, as it has a direct correlation with the prior one and a converse relationship with the latter one. 5. Recast layer thickness increases by the increase in pulse on-time for both workpiece and tool. 6. There is not much difference in the recast layer thickness for both workpiece and tool by the increase in pulse current.
